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ABSTRACT . . ,-- -·.· .. ~ 
' "'',• . -\ 
. "V .• ... In this inve.s·t~g.ati.on, a .study was made on the. ·ef.f.ect . · 
of.· the ~rate ·of. c.utti~g f.luid .(coolant) application1.on the 
:C.utti~g .performance of a carbi.de ·c.utti~g .. tool b.oth. in .terms · 
-of flank tool wear·, .and surf.ace ·ro~ghness impar.ted to the work·--· 
· -p.iece ·in a lathe ·turni~g o.peration-~ Keepipg. the work material 
,and cutti~g.· tool material· the ·sam~ /· ·experiment was .performed· 
for vari.ous .flo.w r,ates·; . (with the ·he.1·p of a calibr.ated flow---· . 
.. 
. 
me.ter) , .. at vari.otis .. c.utti~g s.p.eeds ·, ·with dif.fe.ren_!: f.eeds, and 
-
~ 
.de.p.th of cuts .repre.s.enti~g b.o.th. r.o~gh -and finish_ ty.pe of. cuts. 
. ... . . .. · .. · Experimeµt was randomi.zed, and for. each. :cutti~g con.di tio11s, 
f·larik ·to·ol· wear w.i.th to·ol maker·' s micro.sco.pe and surface ro~gh~ 
. . nes·s with profilome.ter·· were ·measured·. 
,t. ' 
Flow rate ·of .cutti~g- f.luid had a s~.gnificant ef.fect- in 
.re.duci~g .. the ·.fl.an~ ·tool· wear. tJp to ab.out· o .• 5 gal./min. flow 
rate,· fl.ank ·tool we·ar was r:e.duced s~.gnif.icantly and further 
increase in flow r~te did not· have s~gni.ficant ef.fe.ct in 
.r.e,duc~~g. the. ·tool wear. 
Flow ·rate ·of. cutti~g fluid ·did not h.ave .any s~gnificant,. .. 
ef.fect in improvi~g. the ~fin~.sh b.ut on the .other h.and, h~gher_ 
flow rate .increased· the surfa.ce rouglirieE;lS ~ 
.Statistical analysis. of. ~e. experimental data was·· made 
(Analysis of variang_~)· and-.the ·.re.su-lts. confirmed .the .above 
. ·conclusions • 
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INTRODUCTION --
object of this invest~gation is to evaluate the 
of the - ra.te of. cutti~g fluids (coolants) application 
' 
. on the cutti!).g performan.c~_-of a carbide cutti~g tool in lathe 
· ·turrii~g operation_. The normal practice in a production shop 
.- is to open the cutti~g f l~id al1 the way with the assumption 
--that the - la!ge quantity of c.ut~i~g fluid gives bette~- cutti~g_ 
· performance. This study- would lead to the determination of . -· 
the o.ptimum flow rate - if· not in general -- but· at- _least for 
the cutti~g conditions, coolant- and work material- chosen for 
. this inve.s·t~g.ati.on, 
Introduction· to. ·the s·ub:j:e:ct- ·of· :s·tudy: Cutti~g fluid is the 
name given to ·a gas, li.quid or· a solid which is used to pre--
,. 
serve the useful life of cutti~g· tools··· while promoti~g des.ired-
. ' 
-
' surf ace· finish and dimensional accuracy of.- the pa_rt pro4uced 
" in the cutti~g operation. Liq_ui.ds such -as soluble oils or 
- ' 
I 
petroleum base oils ihc.ludi~g sol.utions of -sulfur and chlorine, 
cliemical compoun:ds such- as carbon tetrachloride (used orl'ly in 
. 
. Laboratory .evaluations bec.ause of h~g~ cost and· toxicity) a~e 
used as liquid ··cutti~g fluids. Carbon dioxide nij:.r~gen and· 
_some .other inert gases· are used as gaseous cutti~g fluids. 
..... -. 
-Solid film lu_bricants which can be used in intermi tte.nt -cut ... _ 
· ti~g . operations perform the . same function -as. the liquid and · 
'" gaseous_ ·cutti~g fluids. 
•.•• : 
'\p--"'<;P;"'f1') ;;~~tting f:'1uids · reduce £:riction between tool and wo, rkpiece ~-, . ·, -.......... 
1 
·. ' 
__ :i 
. ' . 
. - ...... 
·------
~ -·.' --. . , 
. which in. turn· reduce· the built up edge, cool the· tool and 
the workpi.ece, · carry aw~y the ch~ips from the r~gion of cut-
ting· and protect the finished surface .from corrosion. - The· 
first two ·are the pri·mary. -functions· of a ·.cutting fluid and on. 
· that basis they can b_e · divided .i.nto two ·cat~gories: lubri-
.... cants·. and· cool;ants, .whos·e primary means. of combating the · 
. . 
. effects of heat and. bui.lt . up e~ge . i:h. metal cutti~g operation . 
· . ar~ s~ggested by thei·r names. ·Gei?-erally. the· lubricants· are 
used at low c.utti~g speeds, i.e.,. les·s than 250 surface fee·t. 
per minute -while the. c·oolants. are used at higher~ ·cutting 
. 
•,, 
speeds. 
.-Whe·n metal- · is ctit ·oy a· si.~gle pciiAt t6.ol, · essentially all ·,, 
of the work expended is converted into heat (about 97%) -. (l) 
The heat thus developed gives· rise to comp.lex heat di.stribu-
tion .at the. ·tool poi.nt. The temper.ature at· the tool chip in-
terface is the h~ghe.st an.d more ·s~nificant. The temperature 
.a·t thi-s i.nterface ·is closely related to the. tool wear, sur-
. 
. 
· £.ace finish,. power re.quirement and the residual stress pro-. 
duced .at the. fi:iii.shed surfaee· of. the workpiece. 
- Low cu-t.tirg speeds""promote an excessively, la~ge built up 
. . . I 
-' . . 
. · .... -..:.-·· .. 
/ /:.__ edge. inducing abras.ive ·wear, high tool pressures,. poQ_r sur- : ~// 
<face finish and~low tool life. (2) - Highe.r speeds,· on t~e othe;/ ~ 
· hand, for the same feed will promote a reduced built up edge 
'/ 
promoting less abrasive wear, b.etter f inishe~, lower tool .. , . 
pressures and.usually lo~gest tool life. H~ghest speed'£or. 
·1··· the ·same· feed will eliminate btti,lt ·Up e~ge, induce crater 
. 
. . wear instead of abrasive· ·wear, have the ·1owest tool pres·.surt!·, · 
. . .... ~ 
... . 
, ....... ----
I .' 
. 2. 
, ,, ...... ' .. 
.. ~ ; . 
.,Ill'' 
... . l 
. . . 
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. . : .. . '. . . . . 
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. I) . 
,..,., .. 
u l . . 
give best finishes., b.ut,-can result in lower tool life. 
· H~gher speeds naturally result in- more heat_ genera ti.on per 
. 
~-
·unit of t.imeu hence temperature ·control becomes more in)por-
tant and ~ubr:icity less important· ·as. the .metal removal rate 
. . 
. 
· ·. increases • 
At low sp.e.eds. tool wear i--s not as,-great a problem. as 
maintainirg a .good surf.ace ·finish. This is because .the _.built 
up e~ge that exi.sts _at the.s·e ·speeds ·.at the tool work :-·1·nter-
face tends to protect the tool but mars-the surface~·< 3) 
C.utti~g fluids can co.ntrol the nature of bu.il t up e9-ge by_· 
chemical action as the s.p.eed does· by physical a·ction. 
In metal cutti~g there are two sources of heat genera--
-
" tion. One ·is from the ·deformation and shear of the metal 
and the ·other is from the fr.i.ction · b.etween the chip and the 
·-
'. 
'\ . . 
-
too 1. The fir.st ace.cunts for· about 75 percent of the total ~ 
heat and the friction accounts for the remaining 25 .. percent. <4 ) 
The size of the ·shear a!1gle. is contro!l~d .PY the friction on 
the tool face. · The lower the ~ri.ction the 1-arger the shear 
-
a~gle and -l~s·s rubbi~g frictional heat. As the shear angle· 
increases shear work reduces. ·consequently the.heat from the 
-· 
-
· ·· deformation of metal is also reduced. In this respect metal~ 
-
_cutti~g is unique in the field of lubrication. 
The lubricati~g mechanism act·s- in the fol·lowing way. In 
~etal cu_tti~g the chip and work surf aces in contact with the 
· cutti~g ·tool are nasce1:1t or clean metal surface. and they are 
extremely reactive chemically. Th~·ir natural tendency is to. 
: ,· ' 
pre,ssure weld to. the tool under rel.atively low tempe,rat_ures 
. ,I> 
' .. r' 
.. 
,. 
J 
.. 3 
. '. 
·:__··' ._: ..... :..:....~~-: . 
. ·:.' . ·. :.·: ___ .·····-··--~,·-·-- _- .. ' ... · . . . ~-. ;:_,_~ ·~ .. 
·., 
::: .. 
. . 
• 
... 
't 
in view of the high Pressures involved. (S) · 
• 
The. ·theory is. that b.ecause of. the extremely h~gh pres-
. ~ures involved,.an ordi~ary hydrodynamic lubrication effept 
cannot exist in.the meta.I cutting operation.<4>- Only a solid 
lubricant, a material which has a lower shear .-stre~gth thai;i 
the chip tool weld, can be effective under the conditions 
· .· exi.stiµg in a metal cutti~g operation. This low shear 
.stre~gth mater·ia,l pi;;~vents or drastically reduces the minute 
·weldments which w.ould .otherwi.se form_. between "the chip· and 
.~ 
. - -
the tool and thus reduces fri,cft,ion and consequently prevents 
the bui.lt up edge from formi~g·. · This. type of lubrication is 
called boundry lubrication and ·is able to withstand much more 
severe ·pr·essure ·and .temper.ature. conditions. than __ dq_ __ hl7dro-
dynamic lubrication. 
The formation of solid fiint lubrication depends on the 
formation of a film of solid .at the chip. tool interface. 
-
This film is produced by chemical reaction • This is accom-
- plished by addi~g- chemical additives. to the fluid. In gen-
eral the most effective cnem·icals found were those which con-
', -
· tained chlorine or sulfur~ The work .of Merchant and Shaw 
.. 
' 
shows that chlorine is· an ... excell~nt friction redu·cip.g material, .. 
. capable of reduci~g .steel to· tool fri.ction by· 80 perc-ent. 
Under the conditions.existi~g at the ·tool chip interface, 
. , ·r "" I 
· additives containi~g- .chlorine ·and sulfur re.act with the nas-
, .. : ,:·cent:· metal to form .as re.action prod.ucts,. films of low shear 
stre~gth solid materials • . These preve.nt th-e metal · to metal 
·contact .at h~gh points and so allow free sliding of the chip . 
. 
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·.·. on ·tool. 
' 
. 
.. J:ron chloride an·d · .iron sulfide.· so formed as reaction 
· -- -·. products have very . low . boili~g · points and so · t·hey can only 
·. be used at low cutti~g speeds. At h~gner cutti~g speeds, the-
,L--., 
problem is one of taki!}g the heat away from the chip tool in-
:. 1 terface rather than frictio:n red~ction. The· built qp e~ge so 
persistent at low cutti~g· speeds_ is r~duced by the speed 
,. . , rJ ~ 
ef feet at h~ghe·r cutti~g speeds. 
,. 
,. Tool materials used for machini~g must be harder than 
the metal bei~g cut,· p.ut h~.at generated .at cutting operations 
softens such tools. For each type of tool material there is 
/~ .. 
a critical temperature, ·where the· hardn.ess of the tool drops 
markedly with a sl~ght increase in temperature. High heat 
' - _._ 
induced by h;i_gher spee·d re.sul ts in e.xtremely rapid_ rate of 
tool wear. This critical temp.erature · is determined by·· such: 
-
·-
--factors as tool material and hardness, speed, feed, tool de-
s~gn, work-material micro.structure, and hardness. 
,;--·' .•.. :·. . 
t'· I' An increase in feed will also in.crease the temperature 
-
.. b.ut not as mar~ed~y as will an· increase in speed. · An increase 
in feed or speed {or both) 1 increases the metal removal ·rate . 
• 
·This increases. the amount of power required and because more ' ' . . 
' 
power resu~ts in-more heat generation-, it becomes necessary 
. 
.. to. cont~ol heat more effectively at higher metal removal r·ates. _ ' 
. 
Hence, for more economical produ~tion, speeds and feeds should 
be. so r~gulated that the. tool temperature should be pushed 
µp to the poi.nE-~of ·critical temperature but not ·beyond. Here ' 
---· '., ., -· . ··~" .,- ·-.'. "'!'f:;i~. . 
. 
is where the. coolants enter into ·the· -pi.cture. -A fluid of 
" 
5· \ 
. . \· -
·-b~ 
- . - - ~---.' "" .. - - ' .. , ·, 
j 
l 
1 
I 
I 
·,·.,--
.. ~~ -
. . 
. ' . . 
. . 
·. high heat. conductivity· and specific heat .can pennit more 
0 economical metal removal. rates by keepi~g tool temperature 
.. below the critical value while operati~g at higherproduction 
levels. ~ 2> ·. · 
_According· to Tr~gger an ·increase in·. sp~ed increases· the " ; 
chip tool temper.ature and a harder met~l for the sairie speed, 
· feed relationship develops · more heat than a softer metal- •. · 
· Ernst and Merchant shqwed that as cuttipg speed was increas·ed 
.. the ef fe.cti veness of various f;luids as lubricants diminisheefi 
and that water became the most effective in·increasing the 
tool life. At h~gher cutti~g · s,peeds. the heat. so produced 
... ,.·,r1_.. ··~-,, 
.·,;, 
can effectiv,ely be·carried away by floodi~g the cutti~g tool 
. with cutting fluid having'",high~ sp.ecific heat and high thermal . . '·-j 
. . . 
I 
conductivity.· So at· h~gher c.utti~g speeds tool life. is a .. 
'Critical problem because. of the .generation.' of heat. 
The cutti~g fluid which has h~gh specific heat, h~gh 
·thermal conductivity,_ low co.ntact a~gle, low surface tension 
r· and 1.ow viscos.i ty. becomes an ideal cutting fluid at h~gh cut-
ti~g speed operation. (7) · H~gh- specific heat and thermal con-
' 
. ' 
,. 
. ducti vi ty help to. carry away the heat· r,apidly. _Con tact a~gle, 
su~fa.ce tension and viscos.ity determine -the ability to spread 
over the metall.ic surface. The heat. transfer coefficient de-
,[! pends on the area of co.ntact b.etween the· fluid and the metallic 
surface. Surface tension and the contact a~gle of .. a cutti~g 
:~ fluid are inter-related and a co.ntact a~gle of zero corre- :~"· · 
spo~ds to complete we.tti~g while 1soP .would infer. zero tend·-· 
· .. e~cy· to wet. 
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.· .Water best ·meets the requi·rements o~ ,high· spec,ific heat· 
· and high thermal conductivity but water has little lubrica-. 
ting characteristics, h~gh surface tension (73 dyries per· 
.centimeter at20°c ·compared to. 31 dyn~s per centimeter at 
2s0 c for lubricating oil) (G)whiCh retards the spreading· ·· 
or wetting· tendency. But al?- addition of· 0.1%· wetting ~gent. 
·. reduces the surfa.ce tension of water to 25 dynes pe_r centi-
me.ter. 
It is a cha·racteristic of a polar liquid (becall:se of its 
dipole moment) to be attracted to a metallic surf ace and a1·so 
the forces of physical adsorption are significantly greater 
for polar material than for a non""9pol·ar ma erial. The .dipo·le 
character of an asymmetrical molecu.le is also responsible for 
/ the tendency for such a molecule to attract its neighbpurs~, · 
. .. 
'. 
.. When a polar molecule in_a.'.non-polar liquid is -attr·acted to 
_the met.al surface, other molecules move in to talce ·their 
places as a result of the mutual attractive forces between 
mo.lecules. In this manner a lar.ge concentration of material 
.<J 
will develop on a metal surf ace, e.ven though the concentration 
Qf polar material in a_non-polar material is low. So if we 
. add polar-material to a liquid its interfacial tension might 
be --reduced suff ici_ently. The reduction in the int_erf aci-al ' ~ ' 
tension results in a low contact a~gle which i·n turn increases 
. wetting and spreading action of the, liqu·id • 
.. -Water, though it conducts -heat· very ef fecti.vely, its high 
~. ,· '.-····su.r·face tension makes it ball up and not spread· on most sur--, .. ~· 
faces. ·so· by adding wetting ~gent to water, the surface., a~cfJ:. \\,,.-, 
' '1 
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interfacial tension- can be reduced.to such· an extent that a 
. 
. low contact angle is obtained,-resulting in superior11';'etting · 
. arta spreading actiono . ·Aadition of wetti~g ~gents instead of 
,oil in water results in more intimate contact between water 
and the tool, helpi~g. to remove the he.at faster ti) Because oil 
has less than half. the ··he.at transfer property of water - the 
:more oil put into· the water . -. the· less the heat conducti~g 
capacity·- altho~gh·more oil will impart more lubricity and 
i ,,, . 
' . . 
. more anti-corrosion eff.ect.. With the chemical type coolant, . . 
. 
. . 
~ ·greater amount can be. ·used with .water to give· better lubric--· ' . 
. ity and anti'!-corrosion, but w-ith very -li.ttle sacrifice· to heat· 
con:ducti vi ty. · 
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DESIGN. OF EXPERIMENT 
< . 
In the· production shop· the coolant is ·normally used at··· . . 
. 
.. 
· cu.tti~g speeds above. 300 surface·. feet pet minute· under the·· 
assumption that ·up-to this speed.ra~ge lubricants would be 
effective in metal cutti-~g_ oper~tion~ In this· experime_nt _it 
wae decided to use tu~gsten .. carbide cutti~g tools. (as h;igh 
speed· steel tool cannot ·be used at· h~gh · speeds where coo~ant._ 
i_s eff.ecti·ve). at spe.eds of 400, 500 ,. 600- and 700 surface feet 
per minute. Two depth of · c.uts were selected to · represent both 
ro~gh and· finish ty.pe. of cuts. A depth.- of O. 030" · represents. 
the finish type of_ .cut ·and· O. 0.75" represents th.e ro~gh. type . 
. o.f· cut.· 
. Four feed rates·,· o· •. o.OS"-,· o·.0.1-0"i o·.01s" and 0.-020'' were 
.se.lected. and since ·it· is not the usual practice to use fine 
feed rates· for he.avy depths. of cuts,· 0.0.05" .and 0.010'' were 
used with the' o·,0;30" depth .. of cut;. the 0.015" and 0.020" feed 
rates were used with the 0.075" dep.th of cut. 
Five l.evels of flow rate were selected in a geometr·ic 
pr~gression. - Dry_cut, 0.2s,· 0.50, 1·.00 and 2·.00 gallons per. 
- • I 
~ 
minute. .This gives a total of -4 x. 2. x 2 x 5 =· 80 different 
., 
-
· .cutt~~g conditions. · Each cutti~g condition was checked f9r 
.. tool wear (;flan~ wear) and surface fini-s·n···.----~'· Each cutti-~g con-
. 
. . diti·on was performed twice givi~g two replicates from whiab,~.: 
' 
. ave-tage values for each data point would be studied. . . . " .. 
. . 
. 
· B~f ore proceeding to th£ actual experiment, a pre·liminary 
.. e.~per·ime.rit · was conducted , in order to ascertain the approximate ·. \] • • '}I 
.. 
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' :. tool wear at certain time intervals for the two types of cuts • 
. · 
-With the· knowle~ge _of the cutti~g conditions 11 work and the tool·· 
.. material it ·was decided to .. take tool · wear and surf ace finish 
· measurements ".at the end of one minute, two minutes and four 
minutes. For .. this preliminary . experiment two· extreme conditions 
were- selected •. The less severe ·cutti~g condition: 400-· surface 
per minute speed,._o.·.o,30!' depth of c.ut .. and a o.·oos" feed .rate.-• 
The more severe :cutti~g condi~ion·:- 700 surface. feet. per. minute, r 4 
...... , ··--·- .. 
· o·. 075" de.pth of. eut and a· 0 •. 020." feedj, rate. For each condi- · 
• J 
. 
· . "tion, .at the ·end· of one minute, flank· tool wear was meas-ured. · 
With. !:his_ ·result a graph was drawn - flank tool wear vs time . _ 
• .'J-·,cc,-
. 
. 
. and from this· graph. the ab.ove mentioned time intervals were· 
sele.cted. In actual experiment e.ach flow r.ate was tested 
under.all of the conditions which were randomized and then 
· the next fluid te.s·ted with all of. the conditions randomized 
.Th.e dir.e.cti.on of cutting fluid application is an important 
factor. The mo.st ef.f.ective ·aire.ction to c1pply cutti~g') fluid 
ei.ther in the form of mi.st or flood is alo!lg the clearance face. 
-
.,.-cc. B.ut_ this is an inconvenient pos.ition. to the operator in a pro-
. duction shop unless. the lathe is· covered~ . In. this inv~st~ga-
tion .it was .decided to apply the fluid from the top- {to th·e 
-
' 
_ b.ack of. the chip..) which represe~t.s a compromise between- perfor~- . ~ .. 
-
· ·mance ·and the o.perator comfo.rt,· The.other theory is to appiy 
tjle fluid from b.etween the chip and the tool, but i~. gives 
distillctly poorer results in high speed turning op~rations. (?) · 
• L, 
·. The experiment was performed on · a 16" LeBlond heavy duty 
.. . . . .., ~ . 
~ . 
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engine lathe and this lathe had a sp.eed ra~ge of 16.- to 2000 
revolutions per minute o A Var·i=-dyne unit t.o. cc:,,ntrol the --sur-
--· 
. ~ face speed~was coupled to. the lathe and the surface feet pe.r 
minute was directly read on the. tachome.ter. The ·tool material 
in this. experiment was Carboloy grade. 370, ·square type 
with e~g.ht cutting· e~ges-. AisI· 1020 was .selec.ted as the work ---
.-- p.iece IIlaterial ti Sin9e '.this inve.st~g.ation was di.rected at the· . 
. ef.fect of.· the rate of c.utti~g f·luid applic.atiori, an intensive/,-_ 4
·----~ -
' -
r 
. . -~ ' 
I •- • - J-'••, -
. 
-_ sea.rch was not made ·regarding .the cho.i.ce of work -material. ' . ' . . 
An ordinary flo.at type- ·flow~me.ter was used· to co:p.tro,l ·-the 
·flow .rate of the cu·tting fluid. 'rhe -flow-meter was calibrated 
. .. by actua11·y measU:ri~g the quantity of _flow in a gi.ven period 
' 
- -ot.· time.· · The ·ca'libr.ation cur.ve ·is .attached i,n Ap.pendix A. 
A profilome.ter -was used.- to· measure. the surf ace. ro~ghness, 
-.at the. end .of.· each cutti~g· condition, and the., tool maker'· s 
microscope was used to mea.sure. the ·flank wear on the tool·. 
No .attempt was made ·to measure ·the cr:ater wear which possibly· 
.,.....-wo1.1id have b.een signif.icant .at th·e higher cutting sp.eeds ~ . ' 
' 
. 
Cr.ater wear is predomi.nent at h~gher- cutti~g -sp.eeds becau;;e 
.. 
of .. the h~gh hea·t .ge.n-~r.ation and fri.ction b.etw.een the -cb_ip .and 
-~ the tool • 
. Summa:ry ·?f· Exp·e·t·j.met1·t·a1 ne·si:9p. -.[ 
. 
- · ·sp:e·e·ds:· 400,. 500, ~00, and 700 surf.·ace .:f.~et per, minut~~· .. 
· Dep·th· ·o·f· ·cut:· o·.03ou, ·and· o·.o.75", ' . - . 
' 
. 
. Fee·a· Rate:· o·.005" and· o·.010".- for· o·.030" depth!' 
- - o:.OlS" ·and· -o·.020" · f·or·· o·.o.75'' .depth,. 
,. 
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. ' Flow Rate:· 01· 0.25,·: 0.50 1 ; 1.··.oo, and 2·.00 gallons pe~ 
minute •. 
Tool Geometry: -5, .-5, S,.·.s,.· .ls,.·.-,15,.; 3/64, 
. Tool Holder: SBTR;...16 Tool hol.der •. 
Tool Material :t Carboloy. grade. ·370. · 
Work Mate·ri·al: , AISI 1020 S.teel •. 
--~.,~ 
. ·.:'.\' 
Dependent· an·d · I·n.d·ep'e·na·en·t· va·r·i·ab:l·es.: · In_ this.· e:K:periment. . ·- . . . .- ,. 
the inde.penden.t variab.les are: s.p.eed, ·:·.depth of cut, 
.fe.ed rate, fluid flow r.ate and the time.· The de.pendent. 
variab.les are·: flank wear and surf.ace roughness. 
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·DISCUSSION OF RESULTS 
· The summary of results of th·is experiment is given in · 
<?. 
. The Appendix B and the graphical representation of the results 
,,,-
is shown in _Ap.pendix Co· Graphs l ~ 4 represent the flow rate 
vs flank- wear; graphs 5 -·· 8. repre.sent the flow rate vs surface·· ':\ 
~ 
·ro~ghness;_-·graphs 9 -· 1s. rep.re.sent time vs tool wear; graphs. 
19 - 28 represent time vs· surface ro~ghnea$· for differeQnt·· 
' 
. 
· · ·f:efi:!~s i .. speeds and flow r.ates. 
Flow rate· vs tool wea·r cur.ves give an in.teresti~g result. 
Tool wear is maximum in dry c.utting. The.re is a sudden drop 
in- too-1 we·ar · as the flow r.ate inc.reases from O to O. 25- gallons 
per minute. Again the.re is a drop in to.ol wear when the flow 
'i.ncre·ases from O. 25 ·to O. SO gallons per minute, but the drop . 
-is not so s~gnificant _as compared-to the drop from O .to 0.25 
gallons .per minute. At· o .• 50: gallons .per minute· flow rate the 
. - ' 
tool wear is more or less the minimum and as the flow rate 
increases further·the. tool wear curve shows an asymptotic 
- . 
nature w~ich means. that the.re. is no appreciable reduction in 
tool wear- beyond O. 50 gallons .per minute. This trend is true 
·for all speeds ex~ined from 400 to 700 surface feet per 
':minute. ,~. The -curves are shifted relatively, but the general 
· trend remains· the same. The tool wear curves are shifted 
upward at higher cutting speeds which is an expected result • 
. The odd points on the curves might be due to the relative-· 
variation in the pos.i tion of the cutting fluid application and - . . 
:. some inherent·,-·,variation in. the cutti~g coildi tions such as . work· 
-.·.1a 
;, .. •'-v, .. 
: 
.T~~ • • 
• •C 
.) 
, - -- . · ·· ---r- ---- _u.-
., . 
piece diameter, tool position,-etc •. ·otherwise· the curves show 
'· 
an asymptotic charactero As ·was pointed QUt in th~- introduction 
' 
. 
' 
· . to the subject of study, the ·primary function of the cutting 
· fluid is to carry away the heat ef.fective-ly from the cutti~g ·· ·· 
·zone. at higher cutti!}g speeds. · From the _graphs it is not .un-
-
. 
reasonable to assume that .at· 0.25 gallons .per minute fl.ow rate 
about· 75~80% of the total heat that can be.harmful is removed, 
' 
~hile. at O. 50 gallons per minute flow rate all ththeehet.oa.· 
0
t
1
th
1
. asy_· .. · 
can be taken away that has an adver.se. ef.fect on 
remov~d. 
At· 0:.25 gallons· per minute flow r.ate, the quantity of 
flu.id ma·Y not be ·suf ficien:t to wet· the who.le c.utting zone. . 
. 
This quantity is· eno~gh .to. take away. the major portion· of the 
heat .affecti~g- the. tool, b.ut- insuff.ic.ierit to take all the heat;. 
. 
. ' 
away. .The drop in tool wear with ·the flow r.ate is mo.re at 
heavy cutti~g conditions than the drop .at l~ght cutti~g con ... 
di tions. This may be due. ·to. the fact that the amount of heat 
.. conducted is proportional to the fourth power of the dif.ference 
in ·.temperature .between the _two surfaces -(he.at trans.fer coeffi~ 
,ci.ent is propo.rtional to T.;_ ) .-
. ., 
The tool wear cur.ves c.learly indicate· tha-t the.re is no 
s~.gnifi_cant impr.o.venierit in tool .wear by increasj_~g the flow 
rate bey.qp.d O. 50 gallons(, .per minute. This can reasonabiy be .. -= 
, 
·" .. concluded .at .least for the _· c.utti~g -··conditions, tool materia-1, , 
work "p.iece material cha.sen for. this. ex.periment. Further in- ---
.. .· .· 
.• ·.·crease in rate of application of··-·c.utti~g fluid would" be a · 
was.te both. in' .terms of pow~.r. expended to supply,•, the cutti!lg 
,· 
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.. fluid and the. cutti~g flllid .itself~· · At· speeds which~ are suit-
" able for carbide cutti~g tools, as.the flow rate increases the 
cutti~g fluid is splashed. o.utside the machineo · This leads ·not 
only .. to the increased waste but it causes a lot of inconvenience 
' to the ·operator. - Unless.· the machine is .. completely closed as in 
,, the case of automatic machines, the wa.ste is unavoidable and i's 
· a s~gnificant economi·c. consid·eration ·especially with the lubri-
. cants~ The ·only. thi~g. -that· an increased rate of. cutting fluid 
application will do is. to. cool the work p.ie.ce to. control the 
diJnensional accuracy, which m~glit become _·a s·erious problem with,· 
·the modern cutti~g,tools. 
Another i.ntere.s·ti~g .f'eature aJ:>.out .the tool wear is clear 
J' 
.. 
from the graphs, for. the feed r.ate of· 0.005". ·Invariably. the 
tool wear is h~gher wh.eri the .f.ee·a rate is· o:. 0.05 "· than when the 
feed rate ·is· o·.0.10 11 • .This. can be ·explained by the fact that 
when the -feed rate is very low, most of the forces due to cut-
ti~g act on the small tool tip. thus increasi~,g the tool wear •. 
When the feed is increased to o·.010 11 the .load due to cutting .. _" 1..,.. .. :i,,,.,,11 
is evenly di.strib.uted over a la~ger tool area and the tool wear 
is comparatively less. B.ut when we reach the feed rates of - · · · -
o·. ~15" and O. 020", the metal removal rate increases, more heat 
is gener.ated and this increases. the tool wear. Th<?~gh very 
· low feed rates· pro.d.uce- b.e.tte~ surface finish_, very low feed 
rates increase the tool wear. 
The ef feet of flow rate · on .surf.ace finish is· not so s~g-
' ni·f.icant as with the. tool wear. surf.ace finish is · ro~gh ~n dry 
.. cutti~g and it improves· sl~ghtly as.· the flow rate increases., 
...... 
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.. reaches a minimum point and ~gain _ro~ghness. increases with 
the flow rate Q In some cases.- the ro~ghness is more than that 
.--·. · of· the dry q:utti~g. and in general the curves show an increas~ . 
. · i~g· teridericy with the increase· in· the· rate ·-of· cutti~g fluid · 
. . 
application, after reachi~g a minimum point. The -in.crease in 
ro'!,lghness w.it.h the flow r.ate may be explained. as follows: 
As more and more of .cutti~g f.luid is-· dumped on the. cutti~g 
-- ·. zone, -more ·and more ·of re.s·tr.i.ctions are· imposed on the free 
. 'flow of. chips. The ·res·tr.i.c~ioil to the 'free flow of chips re--
. . 
sul ts iri mari~g the finished .surf.ace.· Whatever· may be· the· 
vari.atton in the ·shape of. the individual cur.ves,. the_ general 
shape is. the same for all .. the. ·cutti~g. conditions and tfiat is. 
of an increasi~g n:ature in ro'!-lghness .with the flow rate. s/ . 
,: ••. '.J ., __ ,, 
The ·fact that the ·ro~ghness increases- as the feed and ··· 
_ de.pth of cut increase is emphasized by. the surf ace finish 
.. curves, This is shown-·-from the shi.ft in the curves from 'e' 
..• \ I 
.thro~gh 'h' • Curves· 'e' -repr~.sent the--mild cutting condition . 
. 
and 'h' repre.s·ent the heavy .. cutti~g. condition. The degree of 
vari.ation ~I!.. the surface ro~ghness·-~ w.ith· the flow rate is· more·. 
wi.th. the l~g~t cutti~g eondi tiens. than with the heavy cutti~g 
con~i tions. - The ·rest~.i-ction offered by. the flow of cutti~g · 
fluia is more ef.fe.cti.ve ·under l~ght cutting conditions- than 
under he.avy. c.utti~g conditions.-
The tool wear vs time ·curves show·a sudden-increase in 
I • 
. 
. tcz,ol wear at ·the ·end of. the 'first minute, and after the first 
minute .. the increase is rather slow. . At the end of the first 
' 
·minute ·the. ·tool wea:r··is.-ma·inly due. to the 'break~ge of. sharp 
16· 
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, ·. ' ·~: .. ·. ,:·· <·· .· ... ·· '• ., ,·.··. >_-.-, ... ,-'._ >· : . . · ,·.,,-:: ·. ·,., .. ·.·-~: .. , ,.·.· .. :· ....... ,.;··~·~ .. , .. , .... ,·' ' - , .. --~"OI 
.. _ .· _-_ f. 
f 
~· 
·t 
'f 
r,. 
l. .--· · .• 
_..,_ i •• 
·-. 
/ 
,, 
-· .· ' 
(':.'. . 
,.,.... _____ . 
~-·--, l ..... 
' .. · . .,,. 
edges produced iri tool grinding. , The actual wear.· due to 
'"'· ',.. . 
· friction and heat .starts · after break-.in period o The gene_ral -
tendency is that of an increase in tool wear as time passes, 
· due to the gener.ation of more heat. At- 0.25 gallons per ·min-;~~-·-···-. . 
· ute there is · a sudden drop ( downward shi.f t) in tool wear and 
at 0.50 gallons per m.inute ~low rate, i.t decreases sl~ghtly 
and at higher f.low· rates· .it remains almo.st c~nstant. · 
--·· 
·Surface ·ro~ghnes·s increases with. the increase in time and-
J . 
. this is. the ·ge.rieral. trend . of all the .curves. As .. the. time in-- . 
creases, · the. ~.utti~g. e~ge · of. the tool becomes . worn and ro~gh 
and this mars. the 'finished .surf:ace. of. the work piece, ··result-
This. ef.fe.ct is more dominant· 
' 
.at the· ·end of four minutes where the tool wear .itself is gen-
. -........ ,_ ,, 
. er ally h~gh. · B.ut the.re · is one ·exce.ption to this generality. 
. \, 
' ~ 
. Under some ci.r.cumstan.ces. the .su·rf.ace r.p~ghness is 0 less at th~· 
end of. two minutes·. than .at .the. end of. the first minute, even 
th.o~gh the ·tool wear itself is more d)at the. end of two minutes 
th.an -at th·e end of .. the ·fir.st minute. Sometimes~\:,:_.::\ it happens· 
... 
-· -- . -~--
.that a· ro~gh .surface is generated in the process of. tool grihd-
i~g inste.ad of. the ·commonly .a.ccepted notion of a f-ine surface, - · , 
· .at the ·.c.utti~g .e~ge • 
. B:ecause of. the ·ro~gh surf.a:ce pres·~-nt at the c.utti~g e~ge, 
.. 
,.. . 
.until the. ·.~.utti~g e~ge ·is polished by: the .. cutti~g pl:o_ces-s 
-
.i.tself ,. ·· the .surface ro~ghnes·s is . h~gher. Un~der these circum-
.s tances·: .it takes .some time ·£·or the ·ro~gl'!ne~s at the cutti~g 
,· e~ge .. to get. smoo.thened. .Once ·the :c.utti~g e~ge g.ets ."broken-in" -· 
... the :surface ·ro~ghness .decreases· .and· .this is· wh.at··may be·· ·happen-.· 
. * I -
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i~g with certain tool e~ges represented by some of these 
surface finish curves o ,?\gain when the tool wear increases~, 
... 
as with the four minutes :o·f cut,. the ro~ghnes·s increases,. con--· 
'firmi~g the_ general fact th.at .,the surface ro~ghness increases 
with the ·cutti~g time.· 
•There is no s~.gnif.ic.ant vari.ation---in the· surf.ace ro~gh-
__ ... , .. ----·-
.. nes·s with speed. In .other words, .at the same. cutti~g conditions··. 
• .•.... ~ . 
· the surf ace . ·ro~.ghness does not· vary appr.eciably as does the 
r-"-· flank tool wear, with the sp.e.ed. At least we see some varia-
tion .at f.eed r.ates·· o· •. 010",·.o· •. 01s" and 0.020", but at·.o·.o.os" 
f.e~d rate. there is abso.l.utely no diffe.re.nce .at ·all which means . 
that .at this speed. r.a~ge, sp.e.ed does· not h.ave much effect o:p. 
surface ro~ghness, 
cal analysis. 
Thi·s is fu.rther confirmed by. the statis'·ti-
,, 
In or.der to analy.ze .the. ·aata .gener.ated ·- in this experiment, 
.an analysis· of variance te.s·t · was performed and the results· are 
-
.. tabulated i~ Appendix D. In .the ·.stati.stical analysis it was 
.decided to divide. ·the whole. experiment i.nto twelve parts. 
. (Two experiments, i.e., Flank wear a~q_ surf.ace finish; two 
5l~p.ths, i.e.,· o·.030•• and o·.015"; and th.ree time intervals,-i.e~, ,,.""" . . ~- . 
. 
-
-·· . 
. 
~ 
' 
.. 
one, ·.two and.· f.our minutes·.) .It was further decid·ed not to in-
c·lude the ·time eff.e.ct and so the da~a corresporrdi~g to four 
-: . 
minutes ·was selec.ted for.- the ·analysis. Tptally, four different 
.s.ets · of readi~gs were· analy.zed .stati.s-tically. 
·At· ·o·.075" .depth of. cut,. ·the eff.ect of feed rate, speed, 
. 
' 
coolant rate and the i.nt·er.acti.on b.etween sp.eed and feed ~re 
-. . 
- s~gnif_.icant · .a~ 5%. conf:idence interval as far as. the. tool wear.·· 
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. ~-- is concerned. . Sp.eed, feed r.ate ·and coolant r.ate are signif- · 
icant even: at 1% .. c·onf.ide"rice.. ·int·erval. As was mentioned ear-
-----· 
. 
. . 
·_lier·, this i·s an· expected re.sul t, because as. .the ·speed and . 
.... -..•. •r·t 
··~.... feed rate ·increase. ·the metal removal rate· increases and the 
-·. -···- ---~ -- •. -
·· he.at so generated indu.ces more ·and more tool wear .. 
inter.acti·ons are ·no~ ·s~gnif.ica.nt. 
J' 
\ . 
The other-. 
.. At· o·.030•1 .de.p.th ·of .. c.u·t, all. vari~b.;t.es·. ex~ept. s.peed .. a.re .. 
· ,:;~gnificant .at 1%'. confi.d~nce interval. In b.o.th. the. ·cases. the·. • · 
cQolant rate ·was more ·s~gn·if.icant than .anythi~g else·. The .. 
rate of metal removal and .thus .. the ·heat g.enerate~d is more with 
.. the increase ·in s.p.e.ed rather than with the increase in feed 
rate, a:nd thi·s explains. the ins~.gnif.icance of. the feed rate 
on tool wear except · for .very low f.e.ed rates where. 'the. tool 
wear is more ·because of. the cutti~g force · ef.fect on the tool 
(\ 
tip. 
, · R~gardi~g. the surf.ace ·fini.sh, feed is· the mo.st signifi-
cant f.actor. Spe.e·d is also an important f.actor b.ut as the 
· .. ·experiment .starts .at -400 surf.ace feet per minute,· which is 
, ·,_ . 
.. , relative-Iy
1
a h~gh cutti~g. sp.eed, further· increase in speed 
does not have much si,gnificance on surface roughness. Even - . , {. 
. 
. at high .c.utting s.peeds a small change in feed rate would alter . . . ~ 
-- . 
~ 
· the surf.ace finish. to a consi.derab.le e.xtent. Coolant rate is 
not s~gnificani;. e.ven .at a 5% confidence interval • 
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. ·-- .:I ·CONCLUSIONS 
:-~---. '-:: . •, 
(ll __ The flow· rate of. -t:he. _cutt.i~g fluid has a s~gnifi-
!/'.> -, 
- cant effect on tool ·wear. - The tool wear decreases with. the 
-·flow rate. To.ol wear reaches a ,minimum, poi.nt at· 0 .• 50 gallons 
per- minute. -Further increase in .flow r,ate does not reduce 
-
. · the · to·o1 wear appr.eciably. _ The eff.ect · o-f 2. O gallons per 
- minute .flow rate is more or· less. the same as the 0.~50_ gallqns 
.per minute flow.rate. 
' J 
-.(2). The ·percent~ge of drop in. tool wear is more s~gnif-
icant. at the he.avier .cutti~g. _conditions. than at l~ghter cut-
. ti~g conditions • 
. (3) Very fine f.e.ed rates are harmful. to ... the to·ol. 
,· 
·c 4> For· the ·.cutti~g. condi ti.ons, work pi.e.ce material, 
tool material, .. e.tc. chosen -for this inve.st~g.ation, it can 
reas,onably be ·conc.l.uded .that 0 .• SO gallons per IJli·nute ~low 
rate ·would be suffic.ient to g.et the full effe.ct of .c.utti~g 
,, f.luid. '·.' 
(5) The flow rate of. c.utti~g £.luid- does not have any 
s~gnificant eff.e.ct on surf.ace finish. 
··-=~ .... -'· ·-·- _·, ..... ~. 
• .. . 
·I ;:., 
r· ."(6) 
-On the .other hand .surf.ace ro~ghness. tends. to increase _ 
-
w.ith .the flow rate. 
-( 7) F,eed r._ate ·has. the mo.st s~gnif.icant eff~e:c_t·~on. the -
'' 
. ,;}~~r··.-",-,~ . . : .si"U.rfa·Ce rgughness. Red.u.~tion in _the f ~ed -r.ate improves the~ -. 
. . 
. 
.· . 
, -:"' .-surface finish tti· a la~ge ex:tent. For the, _c_utti~g-- conditions -
' ' 
... chosen~ for this· 'invElfs'tig.ation, $.peed and rate. ·of. coolant flow .. ~, . . . '.. . . . 
do not have ·much eff.ect on the .surf.ace f.inish. -
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.RECOMMENDATIONS FOR THE FUTURE STUDY 
(1) Lubricants are more co.stly ·. than the coolants mainly. 
because of the· variation in the mixi~g ratio. So the loss 
with the lubricants is ·more .s~gnificant economical.ly than with.· 
the coolants. The· same experiment can be repeated with the 
.lubricants. to find o.ut the ef f.ect of. the rate of applyi~g lu-· _ 
\ 
. . bricants on cutti~g performance of h~gn speed s_teel cutting __ 
tools. 
- (2). The measureme.nt of the actual cutti~g temperature 
with. the flow rate would give an ins~gh~ to the tool we-ar 
theory • 
. (3) .It was· observed that the cutti~g- performance reached 
a max·imum when the work pi.ece diameter reached a ce.rtain ra~ge. 
Tool wear and surf.ace ro~ghness were h~gh when the work piece 
dial!lete·r was la~ge. The. same thi~g was- observed when the 
-- work p_i.ece diameter was small, due. to. the vibration and 
ch.atter. So a study on the effe.ct of work piece diameter on· 
. t:ool wear an.d surface finish for· different cutti~g condi·tions 
would be intere.s ting. 
(4) The effect of cutti~g fluid flow rate can be· studied 
for cutti~g oper.ations .ether than turni~g. 
(5) The eff.e.ct of flow rate of application can be .studi.~d·· 
~~ -- --fe>r· other methods, of cooling - spray mist and air. 
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RAW_ DATA 
____ · .... ,' _____ -.· 
.· ·. '. ' DRY CUTTING .. • I· ··. . 
· · SPEED DEPTH FEED WEAR~ 10-3 INCH .. ·-10-6 INCH (SFPM) (IN.). (IN,) 1 2 4 l 2 4 
500 
600 
500. 
400 
· 700 
\.,, 600 
400 
600 
700· 
600 
--
400 
500 
400 
700 
- 700 
(~IME. IN MINUTES) ;(TifttE· IN MINUTES) 
.030 · .• o.os · . 3 •. ,4 4.1 5.4 6.0 
. .· ·---· ' 
~030 .010 . 3.8·· 4,5 · -- 5.1 115 · l~O 
.075 
. ' -
.075 
-
.015 3,0, 
.020 . 3·.o 
. , .. 
·-.... 
, 
4.0 
.4 .o 
• 0 .; 5 ·• -o 15 . - . 3 • 9 · 5 • ·2 
.· .. 0-7 5 ·• 0 .15 . 3 • 4 
.. 
.o3o _ .oos · 1·.a 
4.9 
2.7 
.030 .005 I 2.7 • 3.-4 
.075 .020 5.3 5-.7-
, 075 - .oae 5.0 5.4 
.075 .0.15 3.0 3-. 7 
.030 .010 2 .• 2 4~0 
• 030 .010 ' 1,7 2. 7· 
.030 .0.05 3.2 4,.3 
.030 •. ,010 
..... ', .4. 0 4 •. 5 
190 200 
260 . 325 
.···"'--'··-
6 .1 , · 170 
J 
5. 8 20~0 
4\12 ... 75 
6.2 
5 .• 5 
5 .• 1 
3-•. 6 
S.l 
5,5 
-50 
350 
300 
2.25 
.80 
.95 
55 
100 
-
19.0 
210 
-
. 85 
50 
35·0 
300 
225 
85 
105 
60 
120_ 
-~85 
·t_30· 
240 
325 
22Q_ 
210 
90 
85 
360 
320 
240 
110 
110 
60 
120 
<i) 
...... 
' 
.. 500 .. 075 •.. 020 3.8 s. 8 6 • 8 3-10 350 400 
-
-
600- .030' ._oos 3. o---- 4.2 6.5 60 65 
·.-8.0 
~ 
400 ·.030 ·.oos .i·.;o 3.1 ' 4.0 80 . 8() 9-5 . 
-4:0~ -. 
.015 .015 3.0 3 •. 7 5 .• 5 275 290 290. 
' 
, . 70·0· ·;030 
.·oos 3.6 4. 7 5.4 50 65 90 ' . 
~ ... 
600 • 0.7_5 ·.·01s:·~~··-~ .·3-. 6 4.9 6·.o 
·210.· 2·2·5· 240 
... SJ.)0 
. ~J. .• •. 0.75 .0·20 4.5 5.6 6 .2 '. 3i2.5 350 350 
' • I 
. ' 
25· u"'"'"''"""''"''.·.,,..,.,,,.,,_,,.·, •.•...• ,, ""'"'' 
... ,. 
·-...:.,.:,• 
.. ,:.:•; 
_ .' 
.. 
' ' 
-
~ 
--
.. 
' ·-· .. , I 
_.,.. ... 
I 
1 
. ! 
. I 
l 
! 
I 
- f 
' 
....... 
. . ... 
I 
""' 
.\\ 
, 
.. 
• .. 
..... ~ 
,, ; ~ 
. I 
SPEED- DEPTH .FEED (SFPM) (IN.) (IN.) 
500 • 030 ·.OQS 
700 • 075 • 0.20 
" 600 
• 030 .010 
10-·0 ,·07·5 • 01.5 
,400 
• 075 • 0-20 
·s.oo 
• 075 • 015 
600 '. • 075 • 020 
700 .030 • 010 
500 .030 • 010 
400 .o~o • 010 
I 
-
. . 
"-
WEAR 10-3 INCH 1 . i 2 4 
(TIME IN MINUTES) 
2 • 7. ____ 3. 7 5 • 1 
6 • 2 6 
' 
3 .1·. 2 
' 3. 2 4 2 5.0 I • 
,4 
.2 5 .3 _·,·6.1 . 
2··. 7 3.:9 : ·4 ,9 •• 
; 
3 • 8 4,3 5 ..• 1. 
.... 
..,. 
4 • 2 5 .1 6·.-a. , .. ~ ... ,, 
3 • 0 4 .7 ·5 .o 
2.5 ~ -.. ' 3.6 4.3 
1.5- 2·. 7 · 3.8 
0.25 GALLONS PER MINUTE 
700 • 075 .·015 3. 4 - 4 .• 3 5.2 
600 .075 .015 3.1 · 4 2 
" 
4.8 -
600 .030 .010 2.3 3.3 3.5 
• 
----400 4!030 • 010 - 1.7 2.6 3.2 
.020 - 5 .1·\ ·100 .075· 4 .• 1 .. 6.0 
400 .030 .oos 1.7 -
.2 • 7 3.3 
400 .075 .015 2.9 7 3 • 6 4 .5 
500 • 075 • 020 3.5 4 • 3 4-. 8 
-
--600 
_;_ .030 • 00-5 2.5 3, 0 3 • 7 
700 .030- .005 _2. 9 3. 3 .3.9 
.400 .075 • 020- 2.·8 3 • 3, 4 • 1 
<" 
... 030 • 0.CfS 2.7 
~ .. 500 V < 2 tj/ 7 3 2 • 
600 ' .ois •. 020 3, 7 ·4. 4 5 .6 -· . 
. '! ·1., 
_· 1 · :26. ·, 
4, 
io-6 INCH 
1 - 2 4, 
. (TIME IN MINUTES) · 
____ ___:__j-··, 
70 70 
30.0 3·20 
120 135 
180 185 
350 360 
170 ~ 180 
260 2:9,(l :' 
:; ... ,.... ;· - _, 
--115 130 
70 9-0 
110 120 
110 17·5 
110 · 135 :· 
110 150 
100 · - 100 
310 310 
80 85 
20-U- 200 
250 250 
40 S5 
40 70 - -
300 320 
60 .70. 
25,0 
....... -;;. 250 
- -
.... ~, 
.. 
8'-0 
.320:. 
': 
14'0 
1.85 
375 
195 
. •. ' 
30.0 
190 
.. 95 ---
· 125 
170 
160 
170 
130 
300 
· 85 
240 
~260 
·;70· 
···----- -
....1t., -
.. so 
320 
·1'5 
210 
• ' 11· 
,:.:•. ''. . 
--
. ·_: ' ; 
,· . ' , ,•,;. 
·.- .. '. .. ·:,>··. --._ ._.···• •>·;: ,-•. ,.ii,·-/:: (? ' \. :?):{;'.-\/~;;;:.::,:;f ;/Jir.··- · 
... 
-· 
.. 
•i,.•.:· , .. 
·-. 
--
•' 
.. 
--
' 'ii 
._ .. _ ..;,, 
.. 
~ 
--., - ,_-., ...... _....,._ - .... ,. .. _ .................... __ .. -
-- -- . - . -b,.-,,-,,,,,--_ •·•·• 
. ·-····---- ~--~"'""•-~· ~-. -··-·· ·--·- - ... .. . ... ._ ... ' 
;. 
10-3 SPEED DEPTH FEED WEAR INCH (SFPM) (IN.) (IN.) 1 2 ·4 (TIME IN.MINUTES) 
500 
.030 
.010 2.5 3.4 4.2 
700 
.030 
.010 2~8 3.7 4.6 
500 
.075 • 015 3.4 4.3 4.5 
400 3.3 ' 4. 4-.075 .020 3 •. 7 
t---~--------· 500 "•,·030 
.010 ·2._9 3., 7 4.3 
700 .03() 
.010 ·2 ~6 3. 2, "-~ 4.7 
. 
. 600 
.075 
.020 3-.·4, 4 •. 8 5.a 
·• 600 ,075 .·015 3.3 4.4 5.2 
. 
500 
.075 
.015 3. ~'" ----·· 4.1 .4, 8 
.,-4,,()0 1.4 2 ... 4 ,. .030 01-0 2. a· ' - ·-
400 
_,075 
.015 2.8 3.5 3.7 
400 
.030 .oos 2.4 2. 8 3.0 
' 
500 
.075 
.020 -~ 3~5 3. 8 5,0 
700 
.030 .oos 2. 2· - 3.3 3.9 
600 
.030 .oos 1.9 3.2 4.4 
700 • 015 
.020 4.0 · s.o 5.7 
700 --- .• 0-75 
.015 3.2 4.2 ·s. o 
---
'r.:=-600 • 03Q; ~ .010 2 ~-4 2. 8 3.7 ·-·· - -· 
,, 
--500 
.030 .oos 2.1 2.5 3.2 
·---
-
' - ', 
.. '\ . . .. 
" -O~. 6- GAl,LONS, PSR, M'1:NUa'E . 
.... __ ., ___ ir--. ' 
. !. .. ' . - . < . 
. a 
1.2 1.9 2~ 8 -
·40'0 
.• 01s · - 2 .•. s· . 
1 
(TI·ME 
100 
100 
··180 
·2.so 
100 
90 
__ .-, ___ ...... ,, , 
300 
200 
200 
,. 
. . 
- . ;1-s· 
~~ ' 
200 
65 
300-
45 
45 
330 
170 
95 
60 
4 
85. 
175 
· ·:·s~o:a_ · 
,.. ', ·.·-
• 075 
.t 075 
.020 
,- ()20 
3,o - 1.s .· 4.I . . 
.. •/.:350 
~:.., ''; ... ~ . ·• 
· •. (J75 
380 
4,0·0· ,, I I 2.4- 3,Q_ ·- 4.1 
\_..'- ~' 
. /.· \ . .. 
,. -
- \. .... ~- -1. '"'.-' 
. , 
10-6 INCH 
2 4 
IN MINUTES) -
110 
120 
190 
3001 
·128 
90 
30·8 
250 
200 
7"5 
220 
80 
26.0 
40 
60 
340 
170 
120 
65 
70 
--r-·:·----·.-r.· 
200 
' . 
400 . 
. 
··340 · 
•_ .. ~ .... :... . ' - . 
1·10 
120 
190· 
300 
.. 
125 
90 
. 3():() · 
•. 
-250. 
'200· 
.. 
so .. 
220 
90 
325 
55 
' 90 
360 
1a·o 
16S -··-- -• -- - .. 
SO· 
. 250 
4-40' .... : 
340 . 
. ' 
-~ i'_~-~ .:.... --· -· ' / T • : ~ ' " 
' 
' ' 
,· I 
,_ 
.~ 
---~ 
'""'-" - =----
_lilt ···.· ...... '! ;; -.,· .. ··.·,:,.··_···.-,r·cc_;'·'.·:·,".·"·, -, -··· 
/••' (·'. ' 
\ ' 
,. I 
t-4':?,: 
, '~ .... 
·-' 
~----,' , ... , .... ~ ....... ,·-~' 
........ 
,.- -;-· 
' 10;_3 10-6 SPEED DEPTH. FEE-D WEAR·. INCH INCH 
. (SFPM) (IN.) (IN.) 1 2 • 4 1 2 4 .. . (TIME IN MINUTES) (TIME IN MINUTES) 
600 ~ 01s· 
.020 3,7 4.3 s.1. 200 250 .. ,,300 
, ;600 • 030 .010 2.0. 3,0 3.9 65 80 . 120 
-
·100 
.075 .020 3.8 4.9 5.6 290 300 250.· ... 
I" 
u:· 7-00 ~ 030 •. 005 2.·2 2. 9. 3.5 50 55 75 .. 
. ~--~ 
· ·,~lElO 1.6 3.6 • 100 85 .030 .005 2.5 90 ' i .. ,~·f'w',-·a ~ .,,.,,. i 
. ' 
_,;: ~".. 
2 • 61"!. soo .030 .010 2.0 3·. 8 85 100· 9:5 · 
700 , 030 ,010 3·. 0 3.1 ·3. 9 100 115 14() 
j"• ' 
, 
600 .030 .005 2.5 3.2 4.0 50 ·60 ss· 
~-500 .030 .005 1.9 2.6 3.0 55 ~I) 7-CJ -.. 
~ 
.. 600· .075 
' 
.015 3.1 4.2 4.8 220 220 225-
700 ~075 .015 3.8 4~6 5.8 210 ' .. 225 225 q 
-,-
~·- 500 .075 .015 2.6 3.2 4.4 190 220 225 
400 .075 .015 2.4 3.3 3.9 200 175 220 
I 
600 • 075 .015 3.2 3.9 4.2 225 225 225 
700· .030 ~010 4.0 4.1 5.4 180 180 1 .. so 
....... -,, 
700 ~ .075 .015 2.8 3.5 3.8 130 150 150 
" 500 .030 .010 2.2 3.1 3.6 80 75 l50 -·-
400 ... __ ,_Q~O .010 1.4· 2.2 3.1 60 60 7()' -· ---·- ---; -·---~-----~---'- ---- ··-·· .. 
~ 
400 .0-30 .oos 1.8 2.7 3.2 60 65 :1-0 
... 600 ,030 .010 2.2 3.0 -,,-3 • 5 85 - 100 1·35 
.J-·,-· 
-
r;, 
500 • 0.75 .015 ... 2.9 3.8 4.6 180 180 200 
.~. 
-: 
- soo.· .030. .005 2,0 2.6 3. s. 55 60 100· t --· 
·4·00 !t 0·75 • 020. 2.8 J.2 3.9 290 30.0. 30-0 . ,;-~ 
--.:1_ .... -( ... ·· ..... 
.,P.U' .... ~i,---... .-.. 600· .075 .020 3:.a. 4. 2· 4.8 ·200 270 270 
·• 
/"i:~.-..... 
. · ....... 
,. ,, 
... ,_, ........ ___ ..•. 
····--
600 .030 • 005 2.2 2 " 8 3 ... A .. so· 75 ·-55, . \-1, ... ' 
·,~ 
I. . .o 
:.·r·-· (· 
· 2··.·s · . . . • C •-. 
., ':-'· ' • I 
- ,· 
... -
\ 
::::;;;;;;-;;;:~-? -- --J..L __._ I 
·-.c-~~-o..:::c;;-.-_f,-", .. ~-~~~~~~ 2 ·:.;;:~~.::.";~i}"~~:,2;.~;'.:~·,'.-':_· __ ·,.:,····.·, · .:·:.~:. ·:·>~-----·~ ,· ,_-, ',_ -·'"""'•-,--.~~;., __ --,.,""Tar-- ....... .,..,,.., .,-•·-~~~--,,__, ... ___ ,._. ··--·-···--· -,, ... 
' ;t ,:11,tf>.!,•,-· 
I! 
\ ): 
" ! 
l 
~o,1~1vru1•:••u1"-' 
1 . ·~ . 
,. 
°xJ' . j~~ .. . . ,. 
' •, 
. . ' 
.. 
... 
.. 
' 
,,/· 
SPEED. DEPTH 
(SFPM). (_IN.) 
700 .030 
700 • 075 
-
500 .075 
.. 
·7()0 • 07-5 
.400 .030 
600 ,030 
500 -. 075 
700· ·-...,--~-.. .030 
·600 .030 
700 .075 .. 
400 1t, 030 
400 .075 
700 • 030 
50.0 .030 
500 .075 
400 .075 
600 •• 075 
600 
• 075 
50.0 • 030 
500 
.·. 030 
700 ' 075 • 
4C){l 
• 
Q:30 
400 • 0-75 
a~·:,... 
,'fP-i 
-~-
•--1 
,. 
. 
""'-
\' 
FEED· 
(IN.) 
• o o s · 
.o~o-
·,WEAR 10~3 · INCH 
1 ,2 4 
(TIME IN MINUTES) 
2. 4 3 .·o 3. g 
3 • 9 . 4 • 4 . 5 ,.~ 
.020 ·_ 3.3 · 3.7 ·.· 4.7' 
. 
l.O· GALLONS PER MI.NUTE 
-,p ..... 
,' 020 .. ' ' 4.0 4 . 3 5. 7 · 
-·--' .... 
. ,. 
• ()0:5 · 1·. 8 2, 6. 3.4 
'. I 
.005 2.3 3.0 3.5 
• 020 3 2r 
. . . 3 • 8 . , 4. 3, 
. 
~010 2~6 3. 3 3.8 
.010 2.5 3, 1 3. 8 
.015 3.4· 4.0 4,5 
.010 1~5 2.2 3.2 
• 015 2.6 3.2 4.1 
.P . 
.005 2.5 3.3 3.8 
.005 , ·1. 6 2.4 2.9 
,015 3.0 3.3 4 !' 2 
.020 3.0 ·3. 2 '3. 9 
• 015 3 ~a 3. 9 4 • 8 
• 020· 3 • 4 4 • 0 4 • 9 
• 010 1 
' 
7 ·2 
• 7 3. 0 
/ 005 2 ~-0 2. 5 3 .o I·•., 
'.,, 
•. 020 3'-~ Ei .4:.4 5 
' 
6 
• 005 1 .• 7 2. 9 3 .-0 
•. 015 2 
·-' 
3 .. 4 -4 • 0 . .... ,. •,• 
•,.- ~ 
(,' -. 
. 
-··-· - 29· 
. 7 
/. 
:• ·: , . 
,-'; ;a.· 
. 'ef.J, 
' .... : 
' 10-6 INCH - · 
. 1. 2 4 
(TIME · IN MINUTES) 
45 
310 
40 
300 
.90 
300 
. 300 · . 300 • 300 
2r4,Q 
;60 
45 
240-
115 
1ot· 
200 
'•,~u 
60 
180 
50 
SO,. 
-1ss ' 
32·0-
280. 
240 
70 
45 
300-. 
5.5 
'" 
180 
~ 
,:._ 
' ,- . : 
.2-10 
60 
45 
280 
115 
120 
180 
9.0 
165 
so 
65 
200 
330 
240 
(/ 
' 
250 
125 
-75 
32Q, 
55 
2~f0 
• 
58 
75· 
280----
140 
150 
185 
135 
220 
55 
80 
220 
• 330 
240-
-=~t!'.:::;-_ 
260 
150 
80 
3,~0 
·7,0 
2·2s 
. CC 
' .;] 
:1 
. ······_ .. • i··· .• 1 J 
. ·········.·].·.·. . . 
,· .-:/. 
" _:· .. · .. ·.··."······1 
. ·.:, 
. 'I 
. . .iJ 
' . ) 
-, . 
.... 
r;; 
'· ,:f 
. . _; ... ~ . 
' . 
. ·• . '. 
. •. \.".. . 
.. ' ·. "· 
I I L.1__1=-...-==' I •. 
SPEED DEPTH FEED 
.(SFPM) (IN.) (IN.) 
600 .• 075 .015 
500 
500 
,075. . .•. 020 
.030. · .·010 
400. .030 ~-010 
600 
400 
700 
. 500 · 
700, 
600 
700 
600 
• 075 . • 0·20 .. 
• 0:75 .015 
,075 . .015 
·.030 
.030 
.0·30 
.030 
• 0-05 · ,, 
.005 
• 010 -. 
.010 
. , \ ( . 
II I 
'. ·-2. 0 
...,__ ........... ~.;.' 
'•600 
.075 • 0-15 
400 ,07'5 _. 015 
400 
- .030 .005 
500 • 030 .-oos 
500 .030 • 010 
10·0 • 030 - • 010.-
700 . • 075 • 02-0 -
400. ._075 · • 020· 
" ,. -··.·--.. ·· ~--· 
.030 •. 010 
' __; ... 
.• 600·. 
.• 030. .010 
.600 · .075 .020. 
•ie ng,, 
. ,. .· 
WEAR 10-3 INCH 
1 2 4 (~IME IN MINUTES) 
2.8 
2. 5. 
2.0 
.l.9· 
-
· 3.5 
3.5 
3.6 
4.3 
. ' 4.2 
3.0· · 3!14 
2.8 
4.3 
3,3 
·- . 
. 3.4 
5-,0 
4.1 . 
4.6 5.4 
3.7 4.5 
3.4 4,0 
10-6 INCH. 
1 2 4.: 
(TIME IN MINUTES) 
200 . 180 
310 
100 
80 
290 
'320-
190 
230 
. 65 
300 
140 
80 
260 
320 
225 
250 
215 
300 
180 
125 
300 
350 
.. -~-·-· 
2.so<: -~-
230 
2.8 
3,8 
3.0 
2.4 
2.0 
2 .6-
2. 4 
3.1:.. 4.2 65 
65 
60 
140 
70 
50 
80 
130--· 
100 
GALLONS 
3.4 
-L.;:;1-··J' 
2.4 
.-
1,8 
2~0 ~ 
2 • 3 
-
2. 7 
3 • ·9 
3~·0 
·-
1.:9 
2.1 -----· 
>I 
3-~ 7 
3.9 
3.4 
4.6 
3.9 
PER MINUTE 
4 .·o -·· 4 ,, 7 
3.3 4.0 
2. 7 · 3 .·3 
2.8 3-.1 _ ... 
3 • 0 3 • 7 
3 • 3 -3 .9 
~\ 
4 • 5 r 5 • 6 
3. 8 4. 2 
2 • 8 3.-3 
3," 4 3·.: •. 8- w-('"' ... "' 
~- : .. 
. ,, 
4. 1 4, 9 
. 
. ·_ . ~ ····-- ·-· ----30. ' . . . . . ~ _.... . 
--
120 
75 
235 
200 
65 
70 
60 
100. -
330 
300 
~ 5 
150 -. -
350 
r·., 
' 
260 
250 
60 
80 
100 
110 
34:0 
-
300 
65 "'. ' 
160 
-·- . 
350 ··.· . 
-~ 
-· 
260 
270 
60 
95-
130 
--
120 
300 
340 
85 
11s· 
· ~,.,3,5:.0 
' ' -
-
-· 
C;J" 
.,.. 
-a.-,., 
- . 
- -
.,_. 
• 
-~ • J 
. : , '.r~ 
' ··:·. -~~;. '.·\ 
. ·,' 
T 
. 
·._···.;·J·_ .. ' 
,, 
( 
·' 
·'r. 
.. 
.. 
; 
' 
·-
.... 
---' 
---- I J 
'. ...... . l 
SPEED. DEPTH ·FEED 
( SFPM) (IN. ) (IN. ) 
WEAR . 10-3 INCH · 
1 .2· 4 
(TI~ IN MINUTES) 
10-6 INCH 
1 2 4 
. (TIME· IN· MINUTES) 
·. 500 . ~075 • 020- 2.4 3·. l ·3. 9 400 
500 
.07:5 • 015 2.9 
3;6, 
3.6 .. ·4,0 ·.·.--200 
400 
200 
375 
225 
-170 
7-5. 
-
·700 · .075 __ ·_ •. 015 
· .. 600 .o~o·· .oos 
' 
700 .030 
.005 
Q ·. 
F 
700 .030 .005 
700 .075 • 02.0 
-. 
soo .075 .015 
500 .030 • 00.5 
' " 
\ / 
/ 400 .030 .010 // 
. . 
/ 
600 .• 030 .010 
600 ,075 • 015 
400 • 075 .015 . 
400 .• 0·75 .020 
700 .030 .010 
50·0 .030 • 010 
"' 500 .075 .·020 
_400 
.030. .oos 
' 
' . 
- 600 
-.030 • 005 · ' -
• 
I 700 .07~5 
.015 .\ 
·600 .07~ 
. . P 020. 
.... ·.-
'··~} . . : -
- ' _.-::.': _.:,, ,- .· . ' 
.,::-· 
- . 
. - . -"'-
. /J', · .. , ' . p - ... • 
,, . ' 
' ' ' 
....:;.._ "":"· -• 
,. . . 
. . . . . 
,, .4,1 
. -· ·-, '' 
' -
\· ' 
',·.~. , " . 
- ,, ·,_ :.. -
. <: .. ' 
'i, 
'· ' 
' ... - ..... ' ... 
---
rr' 
4. 6 · s·~ 2 · · 
2.1 
2.6 
2,6 
3.7 
2.8 
2 .• 6 4,.o 
2.0 
1.7 
2.7 
3.2 
2.3 
'2.5 --
d 2.6 
2.1 
2.r· 
' ' . 
1.7 
2,5 
3.-8 
3 .1 _ 
3.. O· 
3.1 
4.3 
·3. 4 
2.5 
2.4 
3.0 
3.7 
--·~. 2 
,I 
3.7 
3.0 
2.7 
·3. 5. 
-
.2.3 
2.9 
4.5 
3 .• 8 
:" . ~·'-- ~ '~ -. ..... . . 
. . . . 
- ,:· c:---
. , • I .I' " 
- ....... ,_. ,; 
. : ;,. . 
_.. ,._ · .. ·.1 -.. 1·, .:_ .. , • 
. ·. ·~· 
.. 
.... ·, •,. 
: ,'./ 
'• . ' 
" ; 
'·'· •. 31·· 
3 .. ~ 7 
3.9 
-
4.3 
2.9 
2~8 
-3 •. a 
4.5 
3.9 
4.1 
' 3.8 
3.3 
' 
4 •. 4 
3.0 
3 .·s 
4.8 
-4. 2 
. ;, 
. _;, 
0 
•• "' - ~ • - - ., ~.. • • . ,p -·~- ---·~f".i..-,-~-... t.·~· .-.r.~ ., .-'P..r-~. ····--· • .....- .... ·-
f 
'· 
185 . 170 
SQ ·· 55 
.-5'8 
·5: .. 0 
·': r ': 
280 
150 
-55 
5.Q·· 
130 
250 
200 
350 
115 
110 
2·ao 
,o-
-· 
55 
2·25 
250 ~ 
.. 
• .-- I 
. ' 
50 
15 
25:0· 
200 
65 
45 
140 
250 
• 1)-" ~-. 
200 
3 ~l"-0 ' ..~: 
130 
90 
220 
60. 
85 
225 
270 
·-~· -p '::." ' •'. -
-..... . . 
. !.. 
-
- . . ' . . . . 
.JiS _ .. 
so 
250 
225· 
·a·o 
55 
138 
250-
230· 
330 
140 
115 
300 
-60 
60 
240 
308 
-
. ...... :. -.... ~ 
\.. 
., .1 ·: ' .. ' - ' 
. ·1 .' 
- - l 
'· 
. . . . ' " ',.,. '• . ' ' --~. '-'·.,, ._.,.-r ~- ., .. -~ ~,_.,,.__. ... ,,~,~1.,.,-.-~;J,, _____ .. ~,~ . .-.. .. ,.--..,.•~•·· ... ,-,.,,,..~,~ ,.,·,s•·•~• _. ,. ........ -~-~-·-.-.~· ~~ - ·-
• ~- .A 
t· ., 
'\ 
' ----•• ,J - . 
,, ,' :,. ··.·, , . ' .. . 
' . 
. . 
,-. ... . . . ... 
\,' 
.. 
.. ~ .... - .. ' 
. 
..: 
. ·J· 
: ..... ,. 
.. 
SPEED 
(SFPM) 
400 
.400 
500 
500 
600 
600 
700 
700· 
4 ()"(). . ·--- ~ . 
4lr0 
50.0 
50·0 
600 
60Q 
700 
700 
400 
400 
. . 
500 
. . 
. " 
-. .-o.i--
. ·,. ' 
e • , 
. •. ~· :· 
. · AVERAGE VALUES 
DRY. CUTTING-
10-3 
., 
.. 
10-6· DEPTH FEED WEAR INCH INCH (IN. ) (IN.) 1 2 4 . >l 2 4 '" (T-IME IN MINUTES) (TIME IN MINUTES) 
. i:030 ~:o.o5 - 1. 90 2. 90 4·,.10 77.5 82.5 92.5 
.. 
.030 ·010 . . ., . -1.60 2.70 3.70 102.5 112-.• 5 117.5 
: 
·. 030 ·  ·. .005 3.05 3.90 5.25 65 ~o 67.5 82.5 
-03() 
' . 
.010 2. 3_5 3.80 4.70 75 .o 87.5 102.5. 
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